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Influence of variable bifurcation angulation
and outflow boundary conditions in 3D finite
element modelling of left coronary artery on
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Theoretical impact of left coronary bifurcation angulation (BA) variations and percentage of flow distribution variations (FDV) in coronary artery branches
(CAB) on anatomic assessment of bifurcated lesions, is
investigated by considering fractional flow reserve
(FFR) as a standard diagnostic parameter. According to
Medina classification, computational models of coronary bifurcation lesions types of (1, 0, 0), (0, 1, 0) and (0,
0, 1) were developed. The models included BA of 30,
45, 60, 75, 90 and 120. Computational fluid dynamics analysis was performed under hyperaemic flow condition and FFR was evaluated with percentage of FDV
in CAB. For any fixed percentage of flow in the CAB
and change in BA, FFR was significantly affected in
the lesion type (1, 0, 0) whereas no significance was
found in the lesion types (0, 1, 0) and (0, 0, 1). Percentage of FDV in CAB for any fixed BA significantly altered FFR in all the lesion types. Overall, 5%, 41% and
73% variations in FFR were found in (1, 0, 0), (0, 1, 0)
and (0, 0, 1) respectively. The variation of BA could not
be neglected in in vitro anatomical assessment for lesion
type (1, 0, 0) but not in case of (0, 1, 0) and (0, 0, 1). Nevertheless, percentage of FDV in CAB is significantly altered FFR in the left coronary bifurcation lesions, which
lead to underestimation of stenosis severity and postponement of coronary interventional procedure.
Keywords: Bifurcation angulation, computational fluid
dynamics, coronary branch flow, FFR, left coronary artery.
FROM clinical practice, coronary artery bifurcations are
regions where the flow is strongly disturbed, which is a
potential risk for development of atherosclerotic lesions
at the site of branching1,2. An artery bifurcation plays a
key role in pressure distribution, where side-branches
*For correspondence. (e-mail: grajukm@gmail.com)
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steal flow from the main vessel similar to collaterals. Left
coronary artery (LCA) has short left main stem (LMS)
and quickly divides into left anterior descending (LAD)
and left circumflex (LCX) with an angle between them1,3.
The angle between these two coronary branches differs in
dimension and shape from person to person. There is a
direct correlation between coronary angulations and subsequent haemodynamic changes1. Variations in LCA
angles disturb flow pattern and prone to change the wall
pressure and shear stress gradient1,4.
A bifurcation lesion is the narrowing of coronary artery
that may occur in LMS, in LAD and/or in LCX5. Medina et
al.6 proposed a simple bifurcation lesion classification consisting of a binary value (1, 0). Any narrowing with critical
stenosis of 50% and above in any segment receives a binary
value 1; otherwise, binary value 0 is assigned starting from
left to right. The three suffixes are separated by commas7.
Recent studies on effect of plaque distributed in the left
coronary bifurcation have shown that plaque distribution
has a direct effect on flow parameters at stenotic locations8,9. Murray10 predicted the percentage of distribution
of total flow rate through side branches (SB), by correlating flow ratio through SB, with ratio of the diameter of
SB to the third power. Groen et al.11 showed that Murray’s law can be reasonably applied when the percentage
of area stenosis is 65, whereas for stenosis 66% it is
inadequate in predicting the flow ratio at the bifurcation.
Coronary bifurcation lesions have been one of the most
challenging lesion subsets in the field of percutaneous coronary intervention (PCI)12. Anatomic severity assessment of bifurcation lesions using angiography is limited
due to vessel overlap, angulation and foreshortening13.
Therefore, a standardized physiological assessment of
bifurcation lesions is required, which can be done with fractional flow reserve (FFR)12,14,15 (ratio of distal coronary
pressure to aorta pressure under hyperaemic condition).
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Figure 1. a, Schematic diagram of bifurcated artery with stenosis. b, Schematic diagram showing
bifurcated artery geometry.

Numerous clinical trials revealed that in the presence
of stenosis, FFR < 0.75 requires coronary intervention,
whereas FFR > 0.75 defers revascularization16,17 . However, recent studies FAME 1 (fractional flow reserve versus angiography for multi-vessel evaluation 1) and
FAME 2 use a clinically valid FFR cutoff value of 0.8
(ref. 18).
Since the coronary diagnostic parameter is derived
from pressure measurements proximal and distal to the
stenosis under hyperaemic flow condition, it is useful to
study (i) variations of pressure measurements and hence
FFR in the stenosed bifurcated coronary artery, (ii) variable angulations between LAD and (iii) LCX and variable
flow through them using CFD analysis. It is expected
that the geometry and flow through coronary artery
branches (CAB) play a substantial role in evaluating physiological significance of stenosis severity for the
bifurcated lesion.

Methodology
Stenosis geometry
To examine the influence of variable bifurcation angulation (BA) and percentage of flow distribution variation
(FDV) in CAB on coronary diagnostic parameter, we
considered 80% area stenosis (AS) (per cent AS =
100%  (reference lumen
area – minimum
lumen
area)/reference lumen area), which is located at three different configurations such as (1, 0, 0), (0, 1, 0) and (0, 0,
1) as shown in Figure 1 a. The angulation ( ) between
LAD and LCX is taken as 30, 45, 60, 75, 90 and
CURRENT SCIENCE, VOL. 111, NO. 2, 25 JULY 2016

120 keeping the angulation between LMS and LAD as
159, to isolate the effect of a single geometric factor in
all three configurations19, and the internal diameter of
unobstructed LMS, LAD and LCX are 3, 2 and 1.5 mm
respectively (Figure 1 b)1.
Geometry of the stenosis considered for analysis is
identical to that of the geometry described by Dash et
al.20, in the absence of a coaxial catheter (the stenosis
developed in a concentric manner over a length of
10 mm), which is categorized as the cut-off lesion length
for sensitive prediction index for the FFR value of 0.75
(ref. 21). The stenosis geometry was calculated as follows

( z )
h
 z  d 
 1  sin  
 , d  z  d  L,
a
a
 L 

(1)

where  ( z ) is the radius of lumen, a the radius of an unobstructed artery, z is along the artery axis, and h is the
maximum projection of stenosis into the lumen. The
throat diameters in configurations (1, 0, 0), (0, 1, 0) and
(0, 0, 1) were 1.34, 1, 0.94 mm respectively. The LMS
length proximal to stenosis was taken to be more than 15
times the LMS diameter for the flow to develop.

Computational blood flow modelling
Blood flow through coronary artery was assumed to be
incompressible, unsteady, and governed by the Navier–
Stokes equations as follows
 v

   v  v      P.
 t


(2)
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The continuity equation for incompressible flow is
   0,

(3)

where v is the 3D velocity vector, t time,  blood density,
P pressure, and  the stress tensor. Blood was
assumed to be non-Newtonian and followed the Carreau
model22. Blood viscosity , given in poise (P) as a function of shear rate  (in s–1), was calculated as

    ( 0   )[1  ( )2 ](n 1)/2 ,

(4)

where  = 3.313 s,
n = 0.3568,
0 = 0.56P and
 = 0.0345 P, and the density of the blood () was assumed to be 1050 kg/m3 (ref. 23). A hybrid finite element/finite volume solver (ANSYSCFX V14.0) was used
to discretize Navier–Stokes equations.

Meshing and boundary conditions
Computational domains were initially meshed with hexahedral elements as shown in Figure 2. The mesh elements
are generated using ANSYS ICEM CFD version 14.0
(ANSYS, Inc. Canonsburg, PA, USA). The total number
of elements varied from 250,000 to 300,000. Quality
of mesh was checked by inspecting various parameters
such as skewness, orthogonal quality and element
quality.
A digitized data of transient parabolic velocity u(t)23,24
was applied at the inlet of LMS (Figure 3) to ensure that
the 3D numerical analysis was a realistic simulation of in
vivo conditions. No-slip condition was applied at the
arterial wall in all three configurations under different
branch angulations. The velocity profile for 80% AS was
obtained from mean hyperaemic flow rate (Q ) of
165 ml/min23,25–27.
There are two outflow boundaries for this problem. (i)
percentage of flow distribution (FD) in CAB and (ii)
stress-free boundary condition. Percentage of FD was set
at the outlet of LAD and stress-free boundary conditions

Figure 2. Computational mesh used for numerical study in the bifurcated stenotic artery model.
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were set at the outlet of LCX28 for configurations (1, 0, 0)
and (0, 1, 0), whereas for configurations (0, 0, 1), percentage of FD was set at the outlet of LCX and stress-free
boundary conditions were set at the outlet of LAD, in order to find the pressure downstream to the stenosis, which
is an implicit result of the prediction of the numerical
analysis29. In configurations (1, 0, 0) and (0, 1, 0) the calculations were done for 70%, 80% and 90% of Q
through LAD, whereas in configuration (0, 0, 1), 20%,
30% and 40% of Q through LCX were used to see the influence of outlet boundary conditions and BA, on pressure drop across the stenosis and hence the FFR. In all
three configurations, a shear stress turbulence model was
adopted as in our previous study30.

Numerical methodology
A finite volume software CFX 14.0 (ANSYS CFX, Canonsburg, PA) was used for flow simulation. Adaptive
time stepping method was used, wherein the initial time
step was set at 0.001 s and minimum and maximum time
steps were between 0.001 and 0.01 s. Increase and
decrease in time step occurred after six target loops with
factors of 1.5 and 0.1 respectively. Transient flow analysis was run for four cycles (0.8 s each) of pulsatile flow,
with each time step converging to a residual target of
1  10–4 to ensure the periodic flow. In all cases, the
guide wire was not considered. Subsequently, a meshindependent study was performed with elements varying
from 300,000 to 400,000 for discrepancies in pressure
drop calculation and it was found that mesh convergence
had been achieved. The mesh-independency test graph for
the model (1, 0, 0) of 75 bifurcation with 70% of Q
through LAD is shown in Figure 4. In this model, five

Figure 3. Normal coronary flow wave form u/u p  t versus t (refs 23,
24). The peak diastolic velocity u p  t corresponds to a normalized velocity of 1.0, so that the ratio of mean to peak velocity u/u p  t is 0.537.
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grid systems with 251298, 288059, 311405, 330168 and
357931 were considered for pressure drop calculation.
The difference in the pressure drop between the last two
grid systems was 0.3%. So the fourth grid system was
taken to computate FFR. Similarly mesh independency
was tested in the rest of the models as well.

Pressure drop in bifurcated arteries
In all the bifurcated models, the overall time averaged
pressure drop p  p a  p d was obtained during cardiac
cycles 3 and 4 where p a and p d are time averaged instantaneous pressures, measured proximal to the stenosis
and at recovery region distal to the stenosis respectively31.
No significant difference was found between p values
of cycles 3 and 4, thereby ensuring accuracy of numerical
data reported for the third and fourth cycles.
In configuration (1, 0, 0), the p a was measured at
3 mm proximal to the stenosis and p d was measured at
LAD, as it is the larger of the two branched vessels and
supplies blood flow to a larger territory32. In configurations (0, 1, 0) and (0, 0, 1), p d was measured distal to the
stenosis in LAD and LCX respectively, and p a was
measured in LMS of both configurations at 3 mm before
the arterial wall begins to bifurcate.

ied, a significant difference was found in p a (p < 0.05)
and FFR (p < 0.05), and no significant difference in p
for any fixed angulation model. Figure 6 shows the transient proximal pressure in 75 bifurcated angulation
model under different percentage of FD in LAD.
For a given stenosis severity, p a ranged from 91.82 to
106.02 mmHg, p ranged from 14.3 to 16.38 mmHg and
FFR ranged from 0.82 to 0.86, when flow through LAD
ranged from 70% to 85% of Q for an angulation from
30 to 120 (Table 1). So, an overall 15% variation was
found in p a , 15% variation in p and 5% variation in
FFR.
Type (0, 1, 0): For (0, 1, 0) configuration, no significant
difference was found in p a , p and FFR as BA gradually
varied from 30 to 120, for any fixed flow through a

Diagnostic parameter
FFR: At hyperaemia, FFR is defined as the ratio of
time-averaged distal coronary pressure to aortic pressure16,17
FFR 

p d
p
1
.
p a
p a

(6)

Statistical analysis

Figure 4. Mesh independency test for the model (1, 0, 0) of 75
bifurcation with 70% of Q through LAD.

Haemodynamic data were collected as continuous and categorical from the numerical study. The p a , p and FFR
obtained from all configurations were entered into SPSS
22.0 (SPSS, Inc., Chicago, IL, USA) for statistical analysis. A p-value of <0.05 was considered statistically significant. A one-way ANOVA between groups was used
for analysis of haemodynamic data to determine differences
between BA and FDV in CAB.

Results
Effect of angulation and flow through CAB on
pressure and FFR
Type (1, 0, 0): For the lesion type (1, 0, 0), results
showed a significant difference in p (Figure 5) and FFR
(p > 0.05) and no significant difference in p a (p < 0.05)
as BA gradually varied from 30 to 120, for any fixed
flow through LAD. However, as flow through LAD varCURRENT SCIENCE, VOL. 111, NO. 2, 25 JULY 2016

Figure 5. Transient pressure drop in the lesion type (1, 0, 0) under
various bifurcated angulation model and p = 14.33 mmHg corresponds to 75 bifurcated artery model.
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BA, ranging from narrow angle to wider angle which is a
significant physiological condition and FDV in CAB. In
this study, BA and percentage of FDV in CAB are the
two important independent variables. The present results
demonstrate that the variation of branch angle and percentage of FDV in CAB, significantly influence aortic pressure
and/or pressure drop across the stenosis and hence alters the
FFR in the bifurcated artery lesions where coronary intervention is often controversial. This seems to be the first
numerical study to investigate variations in the FFR in bifurcated lesion, in the context of Medina classification,
by considering BA and percentage of FDV in CAB.

Bifurcated artery with fixed percentage of FD in
CAB and variable angulation on FFR
Figure 6. Transient proximal pressure in 75 bifurcated angulation
model (1, 0, 0), under different percentage of FDV through LAD and
p a = 104.46 mmHg corresponds to 70% of Q .

LAD. However, as flow through the LAD varied, a significant difference was found in p a (p < 0.05), p
(p < 0.05) and FFR (p < 0.05), for any fixed angulation
model.
For a given stenosis severity, p a ranged from 91.06 to
99.83 mmHg, p ranged from 33.81 to 49.09 mmHg and
FFR ranged from 0.46 to 0.65, when the flow through
LAD ranged from 70% to 85% of Q for an angulation
ranged from 30 to 120 (Table 2). Overall 10% variation
was found in p a , 45% in p and 41% in FFR.
Type (0, 0, 1): Lesion type (0, 0, 1) did not show any
significance in p a , p and FFR as angulation varied
from 30 to 120 for any fixed flow through LCX. However, as flow through LCX varied, there was a significant
difference in p a (p < 0.05), p (p < 0.05) and FFR
(p < 0.05) between the percentage of flow rates through
LCX. For a given stenosis severity, p a ranged from 87.39
to 90.58 mmHg, p ranged from 15.1 to 45.53 mmHg and
the FFR ranged from 0.48 to 0.83 when the flow through
LAD was 20% to 40% of Q for the angulation 30 to
120 (Table 3). Overall 4% variation was found in the
p a , 202% in p and 73% in FFR.

Discussion
Clinical study indicated that PCI for coronary bifurcation
lesions has been associated with higher procedural and
restenosis rate, compared with simple coronary lesion.
FFR is generally used in bifurcation lesions for clinical
diagnosis. Coronary branch steal may overestimate or
underestimate bifurcation lesion severity, when FFR was
measured across branch stenosis33,34. Despite the complexity of bifurcation lesions, previous studies33–35 have
not focussed on quantitatively analysing the influence of
372

Our results demonstrated that for a given percentage of
AS and fixed percentage of FD in CAB in the lesion type
(1, 0, 0), BA variations have no significant effect on
proximal pressure, despite the influence of angulation of
the artery on the pressure drop. For the given severity
condition, pressure drop was significantly lower in the
wide-angled model than the narrow-angled model and
hence FFR showed a higher value in the wide-angled
model and vice versa. Fractional flow reserve is indirectly related to pressure drop across the stenosis, provided that aortic pressure is constant during
measurement. Hence the wide-angled stenosed bifurcated
artery shows higher FFR than the narrow-angled stenosed
bifurcated artery. For lesion types (0, 1, 0) and (0, 0, 1),
no significant changes were found in the pressure
drop/aortic pressure and hence the FFR, as BA varied.
The mean  SD value of FFR for the bifurcation type (1,
0, 0) was 0.85  0.01 and it was in close agreement with
the previous studies (Table 4)23,25. The threshold of FFR
is determined in a large patient study36,37, so the BA is already incorporated in this threshold. Nevertheless, measuring FFR in bifurcated artery may lead to misjudgement
of the plaque severity and a correction may be applied
when FFR value of 0.80 is obtained.
The significant FFR variation caused by arterial BA in
lesion type (1, 0, 0) will notably affect the anatomical assessment of intermediate stenosis. From the clinical study
by Kristensen et al. 38, percentage of AS obtained from
coronary computed tomography angiography appears to
be clinically useful and is significantly correlated with
FFR. Hence the influence of BA should not be ignored in
the lesion type (1, 0, 0) when assessing stenosis severity
non-invasively as an alternative to FFR.

Percentage of FDV in CAB on the FFR with any
fixed angulation
Results showed that for any given angulation, the percentage
of FDV in CAB significantly affects the FFR in all lesion
CURRENT SCIENCE, VOL. 111, NO. 2, 25 JULY 2016
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Results from computational analysis (1, 0, 0)

Table 1.
70% of Q
Angulation
( )
30
45
60
75
90
120

80% of Q

p a (mmHg)

p (mmHg)

FFR

98.69
100.1
104.31
104.46
106.02
105.46

15.85
14.3
14.87
14.33
15.05
14.39

0.84
0.86
0.86
0.86
0.86
0.86

p a (mmHg)
92.87
94.51
97.85
98.09
100.22
98.89

70% of Q

30
45
60
75
90
120

Table 4.

16.28
14.74
15.23
14.62
15.82
14.57

0.83
0.84
0.84
0.85
0.84
0.85

91.82
93.28
96.66
96.45
98.41
97.39

p (mmHg)
16.38
14.83
15.34
14.61
15.81
14.61

FFR
0.82
0.84
0.84
0.85
0.84
0.85

85% of Q

p (mmHg)

FFR

p a (mmHg)

p (mmHg)

FFR

p a (mmHg)

97.20
97.29
97.24
97.71
98.74
99.83

35.11
33.81
34.43
34.47
34.7
34.73

0.64
0.65
0.65
0.65
0.65
0.65

92.15
92.1
92.35
92.87
93.56
95.14

45.88
44.3
45.21
45.42
45.68
48.66

0.5
0.52
0.51
0.52
0.51
0.51

91.06
91.16
91.27
91.96
92.18
93.49

p (mmHg)
49.09
47.03
47.81
48.35
48.23
48.85

FFR
0.46
0.48
0.48
0.47
0.48
0.48

Results from computational analysis (0, 0, 1)
30% of Q

40% of Q

p a (mmHg)

p (mmHg)

FFR

p a (mmHg)

p (mmHg)

FFR

p a (mmHg)

90.51
90.29
90.36
90.46
90.58
90.26

15.29
15.91
15.1
15.54
16.22
16.54

0.83
0.82
0.83
0.83
0.82
0.82

88.97
88.78
88.83
88.92
89.02
88.74

27.65
28.86
27.44
28.3
29.59
30.27

0.69
0.68
0.69
0.68
0.67
0.66

87.64
87.41
87.59
87.45
87.63
87.39

Comparison of our p and FFR value for the model
(1, 0, 0) with previous study

p (mm Hg)
FFR

p a (mmHg)

p a (mmHg)

20% of Q

30
45
60
75
90
120

FFR

80% of Q

Table 3.
Angulation
( )

p (mmHg)

Results from computational analysis (0, 1, 0)

Table 2.
Angulation
( )

85% of Q

Roy et al.25

Konala et al.23

Present study

14.3
0.82

20
0.78

15.09  0.64
0.85  0.01

types. For configurations (1, 0, 0) and (0, 1, 0), if the
flow through LAD decreases, the measured FFR will
increase and for the configuration (0, 0, 1), if the flow
through LCX decreases, the FFR will also increase. The
measured FFR in each configuration might lead to misinterpretation of intermediate stenosis, unless a prior knowledge of LCA branch flow is available. A lack of
knowledge of branch flow and its effect on FFR might
wrongly lead to the postponement of coronary interventional procedures, particularly in patients with intermediate stenosis.
Some significant limitations of this study are the factors that influence diagnostic parameters, such as arterial
wall compliance23, multiple bend, and dynamic curvature
variation caused by heart motion 39, wall roughness, and
lesion eccentricity, were not considered. However, our
CURRENT SCIENCE, VOL. 111, NO. 2, 25 JULY 2016

p (mmHg)
41.38
43.38
41.33
42.53
41.58
45.53

FFR
0.53
0.50
0.53
0.51
0.53
0.48

results are useful in the research design of future studies,
using realistic coronary artery model, which will address
current limitations in the analysis of influence of BA and
CAB flow on stenosis severity.

Conclusion
This numerical study analysed the influence of bifurcated
coronary artery wall angulation and CAB flow, in order
to investigate the FFR variation in the LCA, according to
Medina classification. The results show that variation in
BA significantly altered FFR in the lesion type (1, 0, 0)
and it could be considered addition to minimum lumen
area/percentage of area stenosis in the non-invasive assessment of stenosis severity as an alternative to FFR,
whereas, in the lesion types (0, 1, 0) and (0, 0, 1) BA variations are non-significant. The percentage of FDV in
CAB significantly altered FFR for the same severity of
stenosis in all lesion types for a given BA. In case of intermediate stenosis, coronary branch steal underestimates
the stenosis severity, resulting in postponement of coronary interventional procedure. Our mathematical model
demonstrates the proof of concept that needs to be tested
373
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in human arteries. However, further in vivo and in vitro
studies and validations are required to correlate the anatomical and functional significance of stenosis severity.
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